A char was obtained from a commercial pilot-scale gasifier, which had been operating 9 with a refuse derived fuel (RDF). Using this char, steam gasification experiments were 10 then performed in a 15.6 mm i.d. packed bed tubular reactor. The effect of reaction 11 temperature was studied (800 ºC to 900 ºC), and also the partial pressure of steam were 12 in the range 33.3 kPa to 66.7 kPa. With the aid of the Shrinking-Core and the Uniform-13
Introduction 24 25
There is much interest in the development of processes in which biomass (e.g. 26 wood) and refuse derived fuels (RDFs) may be converted into a gaseous stream, which 27 could then be used as a fuel to produce energy, or act as a chemical intermediate. Based 28 on information in the literature, it is well recognized that when biomass is gasified in the 29 presence of air, then a gas mixture of CO, H2, CO2, N2 and H2O is produced, and a char 30 stream is also produced as a by-product [1, 2, 3, 4] . In such processes, the char arises 31 from the nature of the gasification process, where some of the carbon in the feedstock 32 remains, combined with the residual ash, which needs to be removed from the process. 33
As such biomass gasification processes are being developed, there has been great 34 interest in the conversion of the residual carbon in the char into a gaseous fuel, and such 35 a process could be developed using steam to gasify the char. 36 37
Motivation for the gasification of RDF derived char 38 39
In their discussions with a number of different companies that were developing 40 such biomass to energy processes, the authors of this paper were made aware of the 41 importance that such companies placed on the need to find economically viable ways of 42
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AAEM
Alkali and Alkaline Earth Metallic QMS Quadrupole Mass Spectrometer RDF Refuse Derived Fuel TGA Thermo Gravimetric Apparatus converting the carbon in the char into a useful form of gaseous fuel. Otherwise, the char 43 produced had to be disposed of off-site, which created a disposal cost and a loss in 44 revenue from the potential of converting the carbon in the char into gaseous fuel. These 45 considerations led to the work described in this study. In such processes, there is 46 thermal energy available, which could be used to produce steam on-site. So using steam 47 in such a process makes sense. 48 Although there have been many kinetic studies performed on the steam 49 gasification of char [5, 6, 7] , these in general have been performed on char from wood, 50 food waste, and coal. There is relatively little data on the gasification of char produced 51 from a process using a refuse derived fuel (RDF). However, it is well recognized that 52 char reactivity depends not only on operating parameters (e.g. temperature, pressure, 53 steam ratio), but also on the source of the char and how it was produced. For example, 54 wood char reactivity is reported to increase with carbon conversion [8] , whereas that of 55 coal char decreases with carbon conversion [9] . The presence of inorganic elements in 56 the char may also have a favourable catalytic effect, e.g. According to Blasi [12] , at such high temperatures (<1000 o C), the rate of diffusion 70 through the pores of reacting chars plays no role in determining the overall rate of 71 reaction, so measurements at such high temperatures are considered to be in the 72 kinetically controlled regime. In some of the studies reported in the literature, by 73 making comparisons between the time-scales of the different phenomena involved, a 74 simplified approach to kinetic analysis has been adopted. Such a technique is described 75 in Dupont et al. [13] , who applied it to a study on the gasification of biomass with 76
steam. 77
Particle size will also have an effect, and this is discussed in Section 1. 4 . 78 79
Effect of gas velocity 80 81
The effect of gas velocity was also considered in some studies. For example, 82
Paviet et al. [5] reported that gas velocity had influence on the external mass transfer 83 resistance, and at high gas velocity (from 10 cm s -1 to 20 cm s -1 ) this influence could be 84 considered to be negligible. Mermoud Paviet et al. [5] , in an investigation of the effects of diffusional resistance on 93 wood char gasification in a tubular kiln reactor, reported no significant influence on 94 wood char gasification for mean char particle sizes of 0.1 mm and 0.47 mm. They 95 suggested that internal mass transfer effects at these conditions could be considered to 96 be negligible (experiments at T = 900 o C to 1000 o C, and steam partial pressure from 97 10.1 kPa to 70.9 kPa). 98
Mani et al. [13] , in an investigation of reaction kinetics and mass transfer of 99 wheat straw char with CO2 using a thermo gravimetric apparatus (TGA), found that 100 particle size (from less than 60 m to 925 m) had much influence on the char 101 gasification reaction, and reactivity decreased as the particle size increased (experiments 102 performed at T = 750 o C to 900 o C, with CO2 partial pressure of 101 kPa). evolution, the inhibiting effect of some inorganic components such as Si and P was also 127 discovered by Hugnon et al. [16] , where K would tend to be encapsulated by P and Si 128 with carbon conversion, and would then be unable to act as a catalyst. 129
Nevertheless, consideration of the effects of catalysts and evolution of carbon 130 structure during gasification will not be considered in any detail in this paper; however, 131 they will be used to explain the evolution of reactivity of RDF-derived char during the 132 gasification process. This assumption was also applied in other studies in the literature (e.g. Wu et al. 156 [7]; Yip et al. [15] ). 157 (d) Many of the kinetic experiments on char gasification have been performed using 158 a TGA, and the carbon conversion was measured by the loss in the weight of the 159 sample [8, 14, 17, 18, 19] . However, in this study, it was decided to perform 160 such experiments in a small packed-bed reactor, which is often used in 161 heterogeneous catalytic experiments. A fast gas analysis method developed in 162
[20] using a quadrupole mass spectrometer (QMS) was used to measure the 163 product gas composition on-line, which was then used to calculate the rate of 164 carbon conversion in the char. 165 166
Experimental Procedure 167 168
Experimental Apparatus 169 170
The experimental work was carried out using a packed-bed reactor (Figure 1) , 171 which operated at atmospheric pressure. The reactor consisted of a vertical stainless 172 steel tube with an inner diameter of 15.6 mm, which was filled with RDF-derived char 173 particles. The char bed depth could be varied from 1.6 mm to 23.7 mm. This tube was 174 positioned inside an electrically heated furnace, and the temperature inside the char bed 175 was measured using a thermocouple located at the top of the char bed. The char bed was 176 supported by two quartz wool layers which retained the char and ash particles. 177
In experiments with steam, the water and nitrogen passed through a stainless steel tube 178 put inside the furnace, which vaporized the water and preheated the gas. The nitrogen 179 flow was adjusted with a rotameter, while that of the water was set using a metering 180 pump. 181
The gas exiting from the top of the reactor flowed through a cooling coil, and 182 condensate was trapped in two plastic vessels (connected in series). The gas then passed 183 through a glass wool filter, and was finally discharged into the vent from the fume 184 The results of such a char particle distribution are presented, in Figure 2 , from 203 which it can be seen that particle size varied from 37.5 µm to 7,000 µm. As the mean 204 size of the RDF-derived char was 305 µm, a sieve was used to obtain a char particle size 205 range of 250 to 500 µm (representing mean particle size), and this size range was used 206
for the experiments. 207 that this changes slightly with particle size, and this is most probably related to the part 212 of the process from which that carbon particle arose (e.g. carried in the gas stream and 213 trapped in a cyclone, or retained in the char stream from the base of the gasifier). sealed and stored at room temperature, and used throughout this study to ensure the 227 repeatability of the char resource. 228
Samples of char were first conditioned by heating for 3 hours in a flow of N2 at 229 800 o C, and this removed any volatiles (checked with the QMS). Then N2 was fed into 230 the reactor (during the heating-up period) to achieve the desired operating temperature. 231 experiment was started. The system pressure was atmospheric (open end of reactor). 233
After each run, air was passed through the reactor to burn out any residual carbon. 234
Finally, the reactor was cooled, and the remaining ash was collected and weighed. 235
The rate of carbon conversion in the char can be inferred from the molar flow 236 rate of CO and CO2 from the reactor. This approach has been used in many studies [5, 6, 237 7, 9, 10], making use of the flow of an inert sweeping gas (e.g. N2 or Argon) to perform 238 such calculations. If the formation of CH4 was significant then it would have to be 239 included, but this was checked and found not to be the case in the experiments 240 described. 241
The experimental conversion of carbon in the char, X, may be defined (e.g. in 242
Paviet et al. where: w0 is the initial sample weight, w is the sample weight at any time t and wash is 245 the ash content measured after reaction. 246
The evolution of sample weight, w(t), as a function of time is unknown, but it 247 can be deduced from the gas composition. , which is the measurement step of the gas analysis method. The results obtained showed that the rate of carbon conversion increases slightly 305 as the particle size was reduced. However, the increase was insignificant in the size 306 range tested. Also, because the measured mean particle size of RDF-derived char was 307 approximately 305 m, particles in the range of 250 m to 500 m were chosen for the 308 subsequent kinetic experiments. 309 310
Effect of Reaction Temperature 311
To explore the effect of reaction temperature, experiments were performed at: 312 size could be applied. In general, small particles follow the Uniform-Reaction Model, 341 while large particles follow the Shrinking-Core Model -with ash diffusion controlling at 342 high temperatures, but reaction controlling at low temperatures [22] . In this study, both 343 of these models were considered. 344 345
Estimate of Kinetic Parameters for the Shrinking-Core Model 346
Kunni and Levenspiel [22] . In summary: for a Shrinking-Core model, the reaction front 348 advances from the outer surface into the particle, leaving behind a layer of ash. Thus, at 349 any time there exists an unreacted core of carbon which shrinks in size during the 350 reaction. The driving force of the gasification is proportional to the available surface 351 area, and char reactivity of a batch particle can be defined as: 352 From the experimental data of carbon conversion rate, the values of the rate 363 constant k, the reaction order n, apparent activation energy E and pre-exponential factor 364 A were calculated. Table 1 here 374 Table 2 here 375 376 Blasi [12] reviewed data on the steam gasification of a number of different 377 biochars, and reported that E varied from 143 to 237 kJ mol -1 (with a large part of the 378 values around 180 to 200 kJ mol -1 ), depending on reaction conditions and biochar 379
source. This indicates that the RDF-derived char used in this study may be very active. 380
From data in Table 2 , the value of the pre-exponential factor increases slightly 381 with conversion across the 10 % to 70 % range, but more rapidly after that. This change 382 may be due to the evolution of the char structure with carbon conversion. Ahmed and 383
Gupta [6] suggested that ash might have increased the adsorption rate of steam to the 384 char surface, leading to an increase in the pre-exponential factor. However, (a) 385 increased porosity, and (b) access to the ash (which may have catalytic and inhibiting 386 properties), may also have a role to play [1, 7] . The effects of carbon structure on char 387 reactivity are also discussed in Aarna and Suuberg [25] , where they concluded that the 388 micropores (< 2 nm) probably did not participate in the gasification reaction of chars, 389
and that the surface developed by the macropores and the mesopores (2 nm < diameter 390 < 50 nm) was a better indicator of the reactive surface, than the total pore surface area. 391
This conclusion is consistent with others (e.g. Paviet et al. is a simultaneous increase in apparent activation energy and pre-exponential factor with 399 conversion, see Table 2 . This 'compensation effect' or 'isokinetic effect' has been 400 observed and reported in the literature for char-gas reactions [6, 7] , and explains the 401 observed change that took place. 402 403
Estimate of kinetic parameters for the Uniform-Reaction Model 404
For the Uniform-Reaction Model, the driving force for the gasification is 405
proportional to the mass of unreacted carbon in the particle, and char reactivity of a 406 batch particle can be defined as: 407
A similar equation to Equation (7) can also be seen in the literature [22, 23, 24] . 409
For this model, the values of the apparent activation energies (E) and pre-410 exponential factors (A) at different degrees of conversion (X) are calculated and 411 presented in Table 3.  412   413   Table 3 here 414 415 activation energy (E) calculated in Table 3 The results are shown in Figure 6 . 437 438 Figure 6 here 439 From these data, it is clear that at low carbon conversion (< 60 %), the RDF-441 derived char is much more reactive than wood charcoal. However, at higher carbon 442 conversions the opposite is true. 443
In some studies [15, 28] The RDF-derived char contained 55 wt.% ash, which consisted of inorganic 458 elements. It is well known that these elements can have a catalytic effect, which could 459 be the main reason for the increase in reactivity at low carbon conversion (<60%). 460
However, the presence of inorganic elements can also decrease the porosity to such an 461 extent that the active surface area is also decreased [1, 6, 7, 12] . In addition, Hugnon et 462 al. [16] noticed that during steam gasification of algal and lignocellulosic biomass, K 463 would tend to be encapsulated by P and Si with carbon conversion, and would then be 464 unable to act as a catalyst. Therefore, from the results obtained in this paper, at higher 465 (>60%) carbon conversion, a higher ash content is expected, which could result in an 466 encapsulation of AAEM species, a decrease in porosity (and active surface area), and 467 hence reactivity. 468 Information has been presented in this paper, which provides data on the 480
properties of an RDF-derived char and how it could be gasified in the presence of 481 steam. This supports the viability of converting this type of char into a useful fuel gas, 482 which would enhance the commercial viability of the overall 'RDF to energy' process. 483
Such data on RDF-derived char are scarce in the literature, and this is probably the first 484 detailed kinetic study of its type in which kinetic parameters for an RDF-derived char 485 have been determined. These parameters could be used in modelling studies to explore 486 different design concepts (e.g. packed-bed, moving-bed, fluidized bed) for the 'char-487 gasifier', although they would of course then need to be tested in pilot-scale studies. 
